1997. -Magnesium kinetics were measured in five adolescent girls who were participating in a calcium balance study. Two calcium levels were fed in a randomized crossover design. After an acclimation period, 2sMg was cons umed orally and 25Mg was given intravenously, and then blood, urine, and feces were collected for 14 days. Total magnesium and percent enrichment were determined, and data were fitted to a eight-compartment model. There was no significant difference between high and low calcium intakes for any of the parameters examined. Mean values for control (800 mg/day) and high (1,800 mg/day) calcium intake were as follows: Mg intake, 305 t 30 and 286 ? 9 mg/day; absorption (percent), 44 t 7 and 39 t 9; absorption (mg/day), 134 t 35 and 110 t 28; urinary excretion, 96 ? 22 and 101 t 31 mg/day; fecal excretion, 175 ? 32 and 200 t 11 mg/day; and magnesium balance, 13 ? 35 and -34 t 48 mg/day, respectively.
In conclusion, high calcium intake did not alter magnesium kinetics or balance in adolescent girls. kinetic modeling; magnesium absorption; magnesium excretion MAGNESIUM IS THE FOURTH InO& prevalent element in the body, is the second most abundant intracellular ion, and is a cofactor in over 300 enzyme systems. Magnesium is essential for many biosynthetic processes, glycolysis, formation of adenosine 3',5'-cyclic monophosphate, energy-dependent membrane transport, and transmission of the genetic code (11). Forty percent of the body's magnesium is in the muscles and soft tissues, 1% is in the extracellular fluid, and the remainder is in the skeleton, where it makes up 0.5-l% of the bone ash (29) .
Avioli and Berman (3) and Aikawa et al. (1) published magnesium kinetics in humans using 28Mg. The data obtained were limited because of the short half-life of 28Mg (21.3 h). A small percent of the administered magnesium exchanged rapidly with extracellular fluid space, and a large percent exchanged with intracellular magnesium. However, 28Mg could not be used to determine turnover rates of Mg in slowly exchanging body compartments.
The use of the stable isotope of magnesium, 26M g, as a research probe has been described by Schwartz (21) . Schuette et al. (19) is a manifestation of magnesium deficiency (4). Although some researchers have reported that increasing calcium intake causes a negative magnesium balance in people on low Mg intakes (23), the majority have not (7, 10, 12, 25) . Human studies researching the effects of high calcium intake on Mg absorption have yielded contradictory results. Most studies on adult humans found calcium intake had no effect on Mg absorption. In metabolic balance studies, calcium intake ranged from 200 to 8,767 mg/day; Mg intake ranged between 150 and 400 mg/day (10, 12, 25 ). An additional metabolic study researching infants also found no effect of calcium on Mg absorption (16).
The goals of this study were to establish parameters of magnesium kinetics in adolescent girls and to determine whether calcium intake affects these parameters. The importance of calcium level on magnesium metabolism has not been established in adolescents.
MATERIALS
AND METHODS ExperimentaL subjects. Healthy adolescent white females (n = 5) were recruited for the study. These subjects were a subset of 20 girls participating in a calcium balance study. Magnesium balance was calculated in all 20 subjects at eight different calcium levels and has been reported elsewhere as has a full description of the study diet (S. C. F. Lewis Descriptions of the subjects are given in Table 1 . Two of the girls were premenarcheal and three were postmenarcheal.
Protocol. The study was performed over two Zl-day balance periods while subjects were housed and fed in a sorority house at Purdue University. Girls received either control (800 mg/day) or high (1,800 mg/day) calcium diets in a randomized crossover design. There was a 5-wk interval between camps. The first 7 days of each study consisted of a period of adjustment to the diet, and the next 14 days were the period of balance and kinetic study. The study diet, chosen to be close to the magnesium recommended daily allowance (RDA) for young women (280 mg), consisted of three preweighed meals and two snacks containing -2,000 kcal/day. The diet menu was made up of 6 cycle days, with each cycle day served three or four times during the 21-day camp. The diet remained constant for protein (61 g), fat (44 g Pacer administration.
On the morning of the first day of the kinetic study, all subjects were admitted to the General Clinical Research Center at Indiana University Medical Center. The oral dose of 40 mg 26Mg was given as a capsule 1 h after breakfast. All subjects then had an intravenous catheter inserted into an arm vein, and the catheter was maintained open by a saline and heparin solution. One hour after the oral dose, subjects were injected with 20 mg 25Mg, and blood was drawn at precisely timed intervals after the catheter was cleaned of saline heparin solution. Subjects remained in the Clinical Research Center for 6 h of sampling and then returned to the Purdue campus.
Sampling. Blood samples were obtained at the following times relative to the intravenous dose: 0,5,10,15,20, and 30 min; 1, 1.5, 2, 3; 4, 6, 8, 12, 24, 48, and 72 h; and (8,l) or L(9,l). We chose to fit it using the latter pathway, similar to calcium (28).
removed, centrifuged, and stored at -40°C until analyzed. Urine and feces were collected in acid-washed containers. Urine samples were acidified with 1% vol/vol concentrated HCl. Fecal-samples were homogenized with ultrahigh-purity water and concentrated HCl using a stomacher (Tekmar, Cincinnati, OH), and aliquots were frozen at -20°C until analyzed. These were lyophilized, ashed in a muffle furnace at 6OO"C, and either diluted with 1 N HN03 for stable isotope analysis or with 0.5% La as LaC13 in 0.5 N HCl for total magnesium determination. Samples were analyzed for magnesium by atomic absorption spectrometry and stable isotope enrichment by thermal ionization mass spectroscopy (27). Stable isotope enrichment in all tissues was converted to milligrams of isotope, corrected for high natural abundance using the equation of Liu et al. (14), Kinetic analysis.t Data and expressed as percent of dose. from serum, urine, and feces from each subject were analyzed using the SAAM (Simulation, Analysis And Modeling)
program (5, 6) and a compartmental model (Fig. l) 
Data fitting. Subjects were assumed to be in steady state because they were on a constant daily Mg intake and because the daily ratio of magnesium in feces to a nonabsorbable marker (polyethylene glycol) was constant after the first week on the study diet (data not shown). Data were analyzed by a compartment model proposed by Avioli and Berman (3). The model (Fig. 1) consists of one compartment containing plasma (compartment 1 >, two extravascular compartments (compartments 2 and 3), and loss pathways representing deposition into tissues (compartment 5>, endogenous fecal excretion (compartment 9), and excretion into urine (compartment 4). The model was extended by adding a gastrointestinal (GI) compartment from which absorption occurred (compartment 8) and a delay compartment in the GI tract (compartment 10). Data obtained after oral administration defined the absorption pathway, L(1 ,S), from compartment 8. Compartment 10 represented a compartment in the lower gut that acted as a delay before excretion into feces, compartment 9. Identical models were used to fit data obtained from serum, urine, and feces after intravenous stable isotope administration (25Mg) and oral administration (26Mg) from the control and high calcium-intake studies. Changes were introduced in specific parameters only if required to fit the data. Residual tracer from the first study remaining at the time of the second study was accommodated in the modeling. Cakzdations.
Tracer distribution in serum after intravenous administration was rapid, and the initial space of distribution was determined using the model. Absorption was calculated as the fraction of magnesium entering serum from the intestine (Fig. 1) .
The turnover of a compartment (fraction/day) was calculated as the sum of all pathways out of the compartment; the turnover of compartment 1 was L(2,l) 
IN ADOLESCENT GIRLS RESULTS
The model (Fig. 1) -calculated fits to the data are shown for each tissue (Figs. 2 and 3) . The averaged kinetic data for all girls on two calcium intakes, obtained after intravenous and oral administration of stable isotope, are shown for serum, urine, and feces. Data in each tissue were similar for subjects on 800 and 1,800 mg G/day. After intravenous administration, tracer disappeared from serum and appeared in urine and feces at similar rates, regardless of Ca intake. After oral administration after breakfast, tracer appeared in serum and was excreted in urine and feces of girls on both calcium intake levels in a similar pattern.
After intravenous administration, 30% of the tracer appeared in urine by 300 h, whereas ~2% appeared in feces. After oral administration, 10% was excreted in urine and ~40% in feces.
Data from each subject were fitted individually, and only minor changes were required in the parameter values to fit to data after oral and intravenous tracer administration from the two balances. The population values for the parameters (fraction/h) and compartment mass (mg) are shown on Fig. 1 . Compartments 1 and 2 approximate extracellular space and turned over in 1.6 and 6 h, respectively Compartment 3 represents intracellular Mg and turned over more slowly at 48 h. The combined mass of compartments 1,2, and 3 is 4,841 mg. Kinetic results for each subject, on control and high calcium intake, are given in Table 2 and show the similarities in results between the control and highcalcium studies. The population values are given in Table 3 . Magnesium absorption averaged 44% on the low calcium intake and 39% on high calcium intake, and neither the fractional absorption nor rate of absorption differed with calcium intake. Endogenous excre- 1 1 1 1 1 1 1 1 1 f 1 1 1 1 1 1 1 1 1 1 1 1 1 I 1 the whole study (B), cumulative appearance of tracer in urine (C), and cumulative appearance of tracer in feces (D) for subjects while on 800 (H) or 1,800 mg calcium/day (+). Data for only 1 subject are shown for fecal excretion on high calcium intake because some collections were incomplete (subjects 1, 3, and 4), and 1 subject had a slow excretion pattern (subject 5). tion was a minor loss pathway compared with urinary cedure (17). There are drawbacks when using balance excretion. Mean values for balance in both groups were studies alone, however. Negative and positive balances not statistically different from zero. There was no may reflect changes in body pool sizes rather than difference in any kinetic parameter between high and control calcium intake.
indicating total body stores. Kinetic modeling provides an understanding of pool sizes and rates of transfer between pools. Greger et al. (9) studied girls between the ages of 12.5 and 14.5 yr and found slightly negative
DISCUSSION
The most practical method for estimating human Mg balances in some subjects who were consuming 193 magnesium requirements is the metabolic balance pro-mg/day. They concluded that magnesium requirements (20) 119 (23) 105 (31) 55 (27) 138 (26) ZOO (63) 272 (72) 188 (82) 249 (114) 297 (78) 169 (73) 184 (51) 250 (115) 273 (150) may be higher per kilogram body weight in adolescents than in adults. The current RDA for magnesium is 6.0 mg/kg body wt for children between the ages of 1 and 15 (17) . This is equivalent to 280 mg/day in adolescent girls of average weight. An intake of X3.5 mg* kg-l l day-l may actually be required in the adolescent period to achieve the Mg retention necessary for a magnesium body pool size of 23-27 g by adulthood (22). There is very little direct experimental evidence available on which to base daily allowance recommendations in adolescents.
Magnesium has not been studied as extensively as other biologically important metals, primarily because of the lack of a suitable tracer. The short half-life of its radioisotope (21 h) and the high natural abundance of its two stable isotopes (10% 25Mg, 11% 26Mg) have made analysis difficult. Most analytic techniques are unable to differentiate enrichment from natural abundance when low dosages of stable isotopes are given. This is especially problematic in respect to the intravenous administration of Mg isotopes because large dosages would perturb the vascular pool. Of all the techniques available for mineral isotopic measurement, magnetic sector thermal ionization mass spectrometry has the best accuracy and precision (26, 27) . Even so, enrichment of the stool was low from the intravenous tracer, and therefore endogenous excretion values are imprecise. The peak enrichment was 0.8%, and the error was 0.2%. Thus an error of 25% is possible. Because the actual mean excretions were 13 and 15 mg/day, this error is physiologically insignificant.
Turnovers of the pools were similar to those reported by Silver et al. (24) . Rates of absorption, urine excretion, endogenous excretion, and fractional exchange for the adolescents are similar to those reported for a population of healthy adults (3). However, release from the second compartment was slower in girls than in adults, and the mass of this compartment was five times larger in the adolescents. A similar difference in calcium pool size was calculated between adolescent and adult women (28). Magnesium exchange (based on total body Mg of 360 mg/kg body wt) was 15% after 6 days in adults (3). We report that 26% of total body Mg exchanged after 14 days in the girls. Magnesium loss due to menses has been shown to be 9.2 mg Mg per period in adolescent girls, which is ~0.3 mg/day averaged over the month (8). This amount is thought to be insignificant in light of their overall intake and excretion and was not accounted for in the calculations.
Although Mg kinetics in adolescents has not been reported previously, Andon et al. (2) have used balance studies to investigate the effect of low and high calcium intake on various parameters of Mg metabolism in 26 healthy Caucasian adolescent females. The mean age was -12 mo younger than that of the girls in this study (12.8 vs. 11.3 yr) . No differences in fecal and urinary excretion, percent absorption, and net absorption were found between the high-and low-calcium groups. Mg intake was 176 mg/day, lower than this study by 100 mg. Urinary and fecal excretions were lower, and percent absorption was higher than in the present study. These differences may be explained by the differences in total magnesium intake between the two studies (295 vs. 176 mg/day). In both studies, Mg balance plus or minus the standard deviation contained the origin. The conclusion ofAndon et al. was that the current RDA of 6 mg l kg-l l day-l was sufficient to support the expansion of the total body pool during growth and that an intake of 4.45 mg* kg-l-day-l would result in a positive magnesium balance in 85% of those consuming it (2). Although the number of subjects in the present study was small, in one-half of our subjects an intake of 5 mg/kg resulted in a negative balance.
This study has established parameter values for Mg kinetics in adolescent girls based on data obtained after oral and intravenous stable isotope administration. The results were consistent within subject, studied on two occasions. In agreement with Andon et al. (2), we found no effect of calcium intake on Mg absorption, urinary or fecal excretion, or Mg balance in adolescent girls. In addition, we found no effect of a high or low calcium intake on the distribution kinetics of Mg in the whole body or on endogenous Mg excretion. Our results were based on a relatively short period of supplementation (3 wk). The effects of chronic high calcium intake on Mg kinetics have yet to be determined.
